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Introduction
Turbulence under strong solid-body rotation is one of the canonical turbulent flows which has been the subject of many intense studies. This is primarily due to a well-known striking phenomenon: under certain conditions, long columnar eddies spontaneously form and align with the rotation axis. Nearly all of these 5 studies investigate a turbulent fluid on a rotating platform undergoing solidbody rotation. Detailed analysis of the experimental observations showed that, among the columnar eddies, the cyclonic ones, which spin in the same direction as the bulk rotation, dominate the oppositely spinning anti-cyclones [7] . The presence of these columnar eddies were also found to reduce the turbulence 10 dissipation rate compared to an equivalent non-rotating case. However, very few studies, if any, address the case where the rotation is not of a solid-body type.
In theoretical analysis, which is conventionally conducted for the solid body rotation case, the rotating turbulence problem is often presented in a frame of reference which rotates together with the bulk fluid motion. In such a rotating reference frame, the Navier-Stokes equation for the fluctuating velocity u ′ can be written as:
in which p is the reduced-pressure which incorporates the irrotational centrifugal force. Since the rotation of the reference frame occurs along a single direction, the symmetry between the stabilisation characteristics of eddies with cyclonic and anti-cyclonic vorticity starts to break apart [9, 19] , resulting in the cyclonic dominance mentioned earlier. Mathematically, this condition of small Ro and high Re, permits the reduction of (1) to a wave-like equation where the Coriolis term gives rise to inertial waves -the linear propagation of which is crucial 30 in explaining the formation of columnar structures [3, 2, 10] . This theory is supported by findings in physical [17, for example] and numerical [16, among others] experiments. The other proposed explanation of the formation of these structures is via the mechanisms of non-linear wave interaction theory [20] , the conclusions of which are also consistent with some numerical findings [21] , e.g.
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the trend of increasing anisotropy. The real physics of the formation of these organised structures is very likely a complex combination of the two mechanisms.
A further discussion on the formation theories can be found in Ref. 3 Chapter 8.
Most experimental studies on solid-body rotating turbulence thus far have 40 also mainly focused on the decaying behaviour of the flow, aiming to explain the formation and evolution of the columnar structures or the effect these have on the turbulence decay rate. In these experiments, approximately homogeneous turbulence was generated by towing a grid through the container [11, 17] . Once the motion of the grid was stopped, both Re and Ro were allowed to decrease 45 with the progressing free decay of the turbulence. (An exception to this type of 3 experiment is the pioneering study of Hopfinger et al. [7] , in which a fixed oscillating grid frequency was applied to force the turbulence to a quasi-steady state.
The results of that work, however, were mainly based on visualisations.) These decaying experiments had two advantages: firstly, the turbulence can be intro-50 duced in a relatively homogeneous manner; secondly, the temporal evolution of various quantities can be investigated, e.g. the formation process, which among other findings, were crucial in showing that decay of turbulence is prolonged in a rapidly rotating environment due to the presence of organised columnar eddies.
However, these experimental configurations have some important limitations:
55 they do not permit the spatial statistics of the flow to be easily studied as spatial quantities vary with the temporal evolution of the flow; nor do they allow one to understand the dynamical evolution of columnar structures independent of the overall decaying turbulence -a feat that would only be achievable if the flow were statistically steady.
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Finally, despite some advantages of using solid-body rotation discussed earlier, the flow resulting from such a form of rotation represents an idealised version of rotating turbulence that does not adequately depict the type of flows encountered in nature e.g. hurricanes, or in applications such as cyclonic separators, pumps and turbines. In most real world systems, turbulence production 65 and rotation occur simultaneously, not in isolation. Such systems, unlike most of the previous experiments, do not decay with time and are often likely to reach a steady state condition and moreover, their motions most likely cannot be described as solid-body rotation. As long as the flow is Rayleigh stable though (which is true for solid-body rotation), inertial waves are still able to play a 70 part in shaping the turbulence and give rise to column formation, implying that concepts developed in the idealised solid-body rotating turbulence experiments are by no means useless in explaining real-world observations. Nevertheless, a comprehensive understanding of commonly encountered rotating turbulence necessitates a large-scale experimental study of non-decaying non-solid-body 75 rotating turbulence which is the goal of the work presented here.
In this study, we generate statistically steady rotating turbulence by means 4 of co-rotating impellers in a large mixing tank apparatus which is introduced in detail in § 2. To the best of the authors' knowledge, the apparatus represents the largest of its kind utilized to investigate rotating turbulence. In the 80 impeller driven flow produced by this apparatus, boundary effects cannot obviously be explicitly avoided but because the apparatus is very large and the rate of rotation is modest, in regions close to the center of the tank, the flow motion is relatively free from such effects and is similar to but not exactly solidbody rotation. We will show that in the central region, the flow motion is also The experimental apparatus used also enables investigations of the statistics of the flow properties such as turbulence quantities, as well as the structural
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properties of organised eddies e.g. size and lifetime of cyclonic and anti-cyclonic eddies in the flow. In this paper we aim to focus on the first of these issues: the statistics of the turbulent flow properties.
Experimental methodology
It has been mentioned that the experimental apparatus of most, if not all, thick, and is independently driven by a stepper motor through a belt system which is able to rotate at a maximum rate of 4.67 rpm when the tank is filled 115 up. When the two impellers rotate at the same rate and in the same direction, a bulk rotational environment can be generated at the centre of the tank, some distance away from the tank wall. It is worth stressing that although the rotation produced in the tank central region by this mechanism is axisymmetric, it is not exactly solid-body rotation. This fact will be confirmed in § 3.2. In this study,
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four different impeller rotation rates are employed; see An important feature of this rig is the 12 Λ-shaped baffles installed along each corner of the tank wall, as is shown in Figure 1 rate from these baffles can also be maintained at a steady level. The resultant turbulence in the bulk rotating fluid in this case will be in a forced steady state.
On average, the amount of turbulence in the tank can be controlled by the number of baffles, although we will see later that this effect is not linear. In this experiment, three baffle number conditions are adopted as a way of controlling in both directions to account for some minor distortion effects and the particle images are processed to vector fields by DaVis 7.2.
Results and discussions
In this section, the results obtained from the mean velocity, the fluctuating velocity and vorticity are presented, followed by the results for the turbulence 165 stresses, the production and an estimation of the dissipation.
Flow visualisation
In order to confirm the existence of the columnar eddies, pearlescence particles are used to seed the flow and to reflect possible large structures [17] . Pearlescence consists of individual plate-like particles which respond to simple strain 170 and shear [8, 15] . They are useful in flow visualizations as they tend to highlight regions of intense and persistent strains while being insensitive to small scale structures, rendering them ideal for marking large organised structures in a qualitative way. 
180
An elongated, twisted columnar-like structure is observed in the left part of Figure 2 . Its size is about 50mm in diameter and it spans the height of the FOV. Its shape is quite complex -a little like a broken and twisted double helix for the part shown, comparable to the sketches made in Ref. [7] .
The mean rotational velocity

185
The notations for various quantities adopted in this article are defined as follows. Taking the horizontal u components in the Cartesian system as examples, we use for the spatial-averaged quantities;ũ for the instantaneous velocity; U for the time-mean (ensemble mean); u ′ for the fluctuating velocity, the measurements.
First, figure 3 shows that 60 impeller rotations are enough to ensure statistical convergence for the two most important turbulence quantities in this study:
the in-plane spatially averaged fluctuating velocity rms (root mean square) |u| and the spatially averaged skewness of fluctuating vorticity Sk ω . The convergence of skewness is slower because it is a higher order quantity. The convergence quantity plotted in Figure 3 is calculated according to
and a similar equation for Sk ω .
The mean azimuthal velocity U θ is presented in Figure 4 and we will see that it already displays some unique characteristics of the rotating motion generated 195 in our experiments.
Since the raw 2D2C velocity data are stored in Cartesian coordinates, a simple trigonometric operation is required to map the velocities from Cartesian coordinates to cylindrical coordinates (ũ,ṽ) ⊢ (ũ θ ,ũ r ). After that, they un- dergo an azimuthal averaging process to give the curves in Figure 4 When all the fluctuating vorticity fields like those plotted in Figure 6 are obtained, the probability density function (PDF) of ω can be examined, which is given in Figure 7 . One can see clearly that the shapes of the PDFs of all the Table 2 : The Ro G , Re G and Sk G over the entire flow field for all the cases, based on the velocity integral length scale l uθ . These are the spatial mean (global) quantities after ensemble averaging. The spatial mean raw vorticity ω is also listed for reference purpose. that cyclonic eddies are prevalent in all the cases which is in agreement with previous works. It needs to be emphasised that Sk G here includes all the small transient background eddies characteristic of turbulence. It will be shown in § 3.5 that when these background eddies are removed, the cyclonic skewness
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Sk ω becomes more pronounced.
The overall physics observed in the FOV can be inferred from the two governing dimensionless numbers Re and Ro. The length scale involved in defining the two can be estimated by calculating the two-point spatial correlations (TPC) of the fluctuating velocity. Since the nature of the flow generation method indicates that turbulence is homogeneous in the azimuthal direction (θ direction), it is in this direction which TPC is performed, i.e. for the longitudinal component:
and likewise for the lateral correlation R ur (θ). Since the turbulence is inhomogeneous in the radial direction, the TPC decorrelation distance depends on the location of the starting point. the integral length scales defined as |u| is the spatial mean |u| and l uθ is the spatial mean l uθ defined by (4).
In table 2, Ro G for each case is calculated using the single-valued impeller 265 rotation rate Ω. This is done because, in this way, the flow is tantamount to one in a rotational frame of reference spinning at a rate Ω; see (1) which is exclusively used to define Ro in all the previous turntable experiments.
Although the Ro G listed here are slightly larger than O (1), which is viewed as a limiting condition in the previous studies and the linear theory mentioned 270 in § 1, the value of Ro G really depends on the way it is defined, particularly on the length scale used. In most previous works [11] , the definitions of macro-Ro 
The turbulence quantities
Since this type of flow is also a member of the turbulent flow family, it is also worth having a look at the turbulence quantities, i.e. the Reynolds stresses 
B12 case is shifted upwards.
In cylindrical coordinates, turbulence production is written as
where only the first three terms are computable from 2DPIV data. The sum- 
It is plausible that in rotating turbulence u
′ r in terms of magnitude due to quasi-two-dimensionality. However, its exact value is not available from the current experimental arrangement.
The turbulence dissipation rate ǫ can be estimated from structure function
for r in the inertial subrange (between the Kolmogorov length scale η and the integral length scale l). The Kolmogorov constant β is a universal constant having a value of β ∼ 2, for homogeneous turbulence only. Note that a recent study [1] found that E (k ⊥ ) = 1.4ǫ The inner plot compares the P 2D calculated from Cartesian and cylindrical coordinates.
not really matter since the main interest is the trend of the dissipation. Since the flow fields are not homogeneous in the r direction, the structure function has to be estimated in θ direction,
Therefore the argument r in equation 6 is along the azimuthal direction and 310 actually takes the form rθ here. Figure 11 The dissipation ǫ (r) can then be estimated using the slope of the linear part 315 together with equation 6, and this is shown in figure 11 (b) for all the run cases.
The B12 and B6 cases show a general increasing dissipation with radii r, while B3 cases display a substantial decreasing correlation range upto r ∼ 0.15R t . 
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The effect of Ro on Sk ω
In this section, we investigate if there is a correlation between Ro and the 320 local skewness of fluctuating vorticity Sk ω . The method used to calculate these two quantities is similar to the one used to compute the local azimuthal velocity as is shown in Figure 4 . That is, an azimuthal averaging is applied for points having the same radii. The Ro based on the length scale l uθ and Sk ω are presented in Figure 12 as functions of r. One can also observe that at very ones that can be detected in our FOV. It is reassuring to see that considering [17] but is about half of another [11] . This is believed to be mainly due to the absolute PIV spatial resolution difference: the resolution in the latter
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[11] is significantly smaller than that in the former [17] and the current study.
Another potentially important issue is that in this experiment, there is a strong relative motion between the bulk flow and the tank wall and baffles, where turbulence is generated. Close to the boundaries, the eddies that are shed tend to be anti-cyclonic. When these eddies penetrate through the bulk flow and 355 reach the FOV, the ones that are still alive will tend to reduce the degree of symmetry breaking, i.e. the predominance of cyclonic eddies is likely to be diminished. This means that ω in our experiment ought to be intrinsically less skewed than that in previous experiments, although this effect should be fairly small since the FOV is relatively far away from the tank boundary. A further 360 discussion discussion on this is provided in § 4. It is worth emphasising again that Sk ω here is calculated by considering all the eddies including those transient background turbulent eddies.
In order to isolate the effect of the larger organised eddies from these background eddies, the 2D ω field is convolved by a low pass filter with a uniform 365 kernel, similar to a previous study [12] for a Gaussian kernel. Two kernel sizes are applied which correspond to 1× and 2× the spatial mean eddy size l ω for each case. The characteristic eddy size l ω is calculated from TPC of fluctuating vorticity field ω , similarly to equation 3 and 4 [17, 12] . From a mathematical standpoint, performing a uniform window low-pass filter smooths the data field where the maximum Sk ω is more distinct due to higher values and the corresponding Ro l uθ Ω is slightly reduced to around 1.5. Furthermore, the curves are smoother, which suggests that the 'noise' in LPF0 mainly originates from 380 high frequency background eddies.
It is worth noting that the shape of the estimated dissipation ǫ ′ shown in Figure 11 shares some similarities to the (upside-down) unfiltered skewness dis-tribution in Figure 12 can be established between these observations based on earlier rotating turbulence experiments [11] . There is evidence showing turbulence dissipation rate in such a flow at Ro∼ O (1) is significantly suppressed than it is in homogeneous turbulence, for example in a flow generated by a grid mesh. This suggests that when ω symmetry starts to break, the dissipation is inhibited. Therefore the 390 distribution of Sk ω has a physical link to the distribution of the turbulence dissipation rate as shown by the trends between the two quantities.
Discussion and Conclusion
This paper presents a 2DPIV experimental study of a special type of rotating flow. The flow is generated by the co-rotation of two impellers installed near This allows us to maintain the amount of turbulence at various statistically constant levels throughout our investigation.
From the turbulence quantity distributions, i.e. the Reynolds stresses, the turbulence production and the estimated dissipation, it is evident that these 420 quantities are not homogeneously distributed. Turbulence intensity is higher towards outer radii near the tank wall. From structure functions, it is found that the shape of the estimated dissipation is in line with the distribution of Sk ω , notwithstanding a sensitive error depending on the linear fit range in figure 11 (a). This might be an evidence of the effect of the ω symmetry breaking on the 425 suppression of turbulence dissipation rate that has been commonly observed in previous studies [11, for example].
One may argue that the axially installed long Λ-shaped baffles may favour elongated columnar structures aligning along the rotation axis. Even if this is the case, the baffles should generally tend to favour the anti-cyclonic columns 430 since the vortices shed by them rotate in the direction opposite to the bulk rotation. However, as is shown by the skewness (Figure 12 and 13) , cyclonic eddies still dominate the anti-cyclonic ones; especially for large sizes, the effect of the cyclones seems to be overwhelming; see the low-pass filtered ω in Figure 13 .
A more direct evidence for this can be obtained from the eddy size distribution 435 over the FOV, which is the subject of future work.
The time t d taken by turbulent eddies generated at the wall/baffle to diffuse to the FOV roughly scales as √ ν t t d ∼ (3/4) R t , the non-linear eddy turn-over time is t nl ∼ l/u, where l and u are the characteristic eddy length and velocity scales. A rough estimation of the ratio of these times scales indicates t d /t nl ∼
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(R t /l) 2 [u/ (Ωl)] = (R t /l) 2 Ro. A reasonable choice of the integral length scale l shows that any organised eddy diffusing from the wall to the FOV will most likely be killed by turbulence since R t ≫ l. Nevertheless in the FOV, some 26 organised eddies do survive at least one order of magnitude longer than t nl .
We will show, in a separate work, that the typical angular displacement of a 445 turbulent eddy is φ nl ∼ Ωt nl ∼ 1/Ro and is typically 0.01 to 0.02 of a completed impeller revolution, which is well below one order of magnitude of some longlived eddies. Therefore, these long-lived eddies are very unlikely to be associated with any boundary generated eddies.
Although our FOV is limited in size, it is sufficient for our study, since firstly, 450 a much larger FOV would reach the radii where the flow tends to be Rayleigh unstable (due to the stationary tank wall, there is always an unstable region at larger radii) and boundary layer effects tend to be important; secondly, the Sk ω maxima is observable within the FOV when all the cases are combined and plotted against local Ro in Figure 13 . Sk ω is an indication of the degree solid-body rotating turbulence [5, 12] . Note also that this critical Ro is not a function of the baffle number, nor is it a function of radial distances from 465 the rotation axis, i.e. it is independent of the turbulence condition at the tank boundary.
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